This review discusses recent data regarding the different types of voltage-gated Na + , Ca 2+ , and K + channels in dendrites of CA1 pyramidal neurons and their function for synaptic integration and plasticity. Na + and Ca 2+ channels are uniformly distributed throughout the dendrites, although Na + channels in the soma and proximal dendrites differ in their inactivation properties from Na + channels in more distal regions. Also, different regions of the neuron express different subtypes of Ca 2+ channels. K + channels are unevenly distributed, with the distal dendrites expressing a more than fivefold greater density of a transient A-type K + channel than proximal regions. These K + channels exert profound control over the excitability of the pyramidal neurons and the spread of synaptic potentials throughout the dendrites. The ways in which the active properties of dendrites may contribute toward the induction and maintenance of long-term synaptic plasticity are discussed.
INTRODUCTION
Pyramidal neurons receive tens of thousands of excitatory and inhibitory synaptic inputs onto their dendrites. The dendrites dynamically alter the strengths 327 0066-4278/98/0315-0327$08.00 of these synapses and coordinate them to produce an output in ways that are not well understood. For many years, dendrites were presumed to be passive, cable-like structures in which the electrical signals of the dendrites, i.e. the synaptic potentials, spread to the soma by way of the well-known linear membrane properties of resistance and capacitance (for review, see 25) . Elaborate computer models of neurons have been constructed based on these passive cable properties and on exquisitely detailed anatomical reconstructions of dendrites in an effort to understand how the electrical signals spread in dendrites and how synaptic information is integrated by the neuron (31, 44, 56) .
Because of recent technical advances, there has been an explosion of new information about the active properties of dendrites. It is now clear that dendrites are anything but passive cables, and instead possess a rich variety of voltagegated ion channels (perhaps more so than the axon itself!) that bestow upon them very active properties. These active properties allow for the propagation of Na + -dependent action potentials into the dendrites from their initiation site in the axon (called back-propagation) and, under certain conditions, Na + -dependent action potentials may even be initiated in the dendrites. Dendritic action potentials and synaptic potentials can also elicit large increases in the concentration of intracellular Ca 2+ by way of voltage-gated Ca 2+ channels. Finally, the voltage-gated Na + and Ca 2+ channels in dendrites may produce amplification or boosting of distal synaptic inputs to minimize the attenuation that would otherwise occur from passive cable properties.
These active properties play important functional roles for synaptic integration, synaptic plasticity, and neuronal excitability. In a previous review (25) , we focused on the types and distribution of voltage-gated Na + and Ca 2+ channels in dendrites and gave a historical perspective for the study of dendrites over the last hundred years. In the present review, we focus more on the functional implications of the active properties of dendrites. Furthermore, we discuss recent information about voltage-gated K + channels. We have found that a particular type of K + channel, a transient, A-type K + channel, is expressed at a very high density in dendrites of hippocampal CA1 pyramidal neurons. These channels exert profound control over dendritic excitability and may help explain why dendrites were thought to be passive for so many years.
VOLTAGE-GATED ION CHANNELS IN HIPPOCAMPAL DENDRITES

Na
+ Channels Na + channels are found throughout the dendritic arbor at a fairly constant density (at least up to about 350 µm from the soma) (see 38) . With at least one key exception, the basic properties of these channels appear quite uniform. The channels have conductances of about 15 pS, rapid activation and inactivation kinetics, and voltage ranges of activation and inactivation that are similar to most neuronal type Na + channels. Na + channels from both the somatic and dendritic membrane possess a separate inactivation state that requires seconds instead of milliseconds for full recovery (14) . Interestingly, the fraction of channels that enter this slow inactivation state is much greater in dendrites compared with that of the soma, and the time for recovery from this inactivation is longer for channels in dendrites than in the soma. This feature of dendritic Na + channels helps determine the amplitude of action potentials during a train (see below). Preliminary evidence suggests that the differences between the channel populations in soma and dendrites may be the result of differing levels of phosphorylation (69, 13a) . Alternatively, there may be two separate channel types with different inactivation properties. Westenbroek et al (72a) reported a differential distribution of Na + -channel subtypes RI and RII in the CA1 region of the hippocampus. They showed that CA1 pyramidal somata were primarily labeled with antibodies specific for the RI Na + channel subtype, whereas the highest immunoreactivity for RII subtype channels was found in the stratum radiatum. From these data, they suggested that CA1 somata contain mainly subtype RI and that the high RII labeling observed in the stratum radiatum corresponds to a high density of the RII subtype found in the axons. It is possible, however, that part of the RII labeling in the radiatum is from labeling CA1 dendrites. If this were the case, then a differential distribution of Na + channel subtypes, with somata containing mainly RI and axons and dendrites containing mainly RII, would exist in CA1 pyramidal neurons. Possible differences in Na + channel subtypes between soma and dendrites are important and require further study.
Ca
2+ Channels
From recordings of single Ca 2+ channels in cell-attached patches and from fluorescence imaging studies, there appears to be a heterogeneous distribution of Ca 2+ channel subtypes within the dendrites (11, 38). Most, if not all, of the known types of Ca 2+ channels (i.e. L-, N-, P/Q-, R-, and T-types) are present in dendrites, and the total Ca 2+ channel density is fairly uniform. However, the density of the individual channel subtypes varies between the proximal and distal regions of the cell. For example, in the more proximal regions (<100 µm from the soma) the L-and N-types predominate, whereas in the more distal regions, the density of T-and R-types is greater. Recent, whole-cell recordings from acutely isolated dendrites (27) support these general observations, although a higher density of N-and P/Q-types was reported for the isolated dendrites than for the cell-attached patch recordings. Possible explanations for the differences include age of the animals, location along the dendrites where the recordings were made, and voltage-dependency of channel block by conotoxin (64) . However, a substantial population of N-and P/Q-type channels within hippocampal dendrites does fit with immunohistochemical studies that found staining for the α 1A (P/Q-type) and α 1B (N-type) Ca 2+ -channel subunits in CA1 dendrites (45, 72, 73) . α 1C (L-type) Ca 2+ channel subunits have also been reported to be present in the proximal dendritic shafts as well as dendritic spines of CA1 neurons (20, 71 (37) . These transient Ca 2+ channels are about 50% inactivated at rest and can be de-inactivated (and thus their activation increased) by prior hyperpolarizations such as from IPSPs and afterhyperpolarizations (38, 39) . In addition to the T-type current, however, there is also a sustained Ca 2+ current that is activated near the resting membrane potential (−50 to −70 mV). This sustained current provides a significant contribution to the resting [Ca 2+ ] i in CA1 pyramidal neurons (36) . The data suggest that a non-inactivating, dihydropyridine-sensitive Ca 2+ channel is responsible for this current and that these channels appear to be present throughout the neuron with their highest density at the soma and proximal (initial 100 µm) apical dendrites. 
K + Channels
Our studies of the dendritic distribution of K + channels in hippocampal neurons brought some surprises, the biggest of which was the huge difference in K + channel density between soma and distal dendrites (22) . Cell-attached patch recordings from CA1 dendrites revealed a high density of outward current that was separated into two main components. The first component is transient, showing rapid activation and a time constant of inactivation that increases with voltage. The second or sustained component inactivates much more slowly. The recorded density of the transient component increases linearly with distance from the soma (slope = 12.5 pA/100 µm). The peak current density of transient channels (for steps from −85 to 55 mV) increases from an average of 8.32 ± 1.38 pA/patch (mean ± SEM) in the soma to 51.56 ± 9.47 pA 350 µm away in the distal dendrites-a more than fivefold increase! The current density of the sustained component, however, remains relatively constant with an average of 8.39 ± 1.46 pA/patch in the soma and 9.55 ± 1.84 pA/patch in the distal dendrites. Steady state activation and inactivation curves indicate that the transient component activates at slightly more hyperpolarized potentials than the sustained component and that significant transient-channel activation will occur at relatively hyperpolarized potentials. Transient channels located in the distal dendrites have an activation curve that is shifted 10-15 mV hyperpolarized compared with that from the soma/proximal (up to 100 µm) dendrites. The increased density of the transient current, along with a more hyperpolarized activation range, increases the impact that these channels have on the electrical properties of the distal dendrites (see below).
The (41, 58) . Another recent study has found Kv4.2 clustered on the postsynaptic membrane directly apposed to the presynaptic terminal (1). The voltage dependency of activation and steady state inactivation, the 4-AP sensitivity, and the time course of inactivation of Kv4.2 expressed in Xenopus oocytes match well with those recorded in CA1 dendrites (5, 6, 22, 57). However, there is no voltage-dependency to the time course of inactivation for the expressed channels in oocytes as there is for the native channels in dendrites. This discrepancy may be due to the presence of β-subunits with the native channels or to differences in the phosphorylation state of the channel in the two recording conditions. β-subunits have been found to modulate the inactivation properties of transient K + channels (16, 50, 57) . Finally, the sustained component has voltage-dependent and pharmacological properties similar to delayed-rectifier-type K + channels. Delayed-rectifier polypeptides Kv2.1, 2.2, and 1.5 have all been localized to CA1 somata and dendrites (41) .
Ratio of Inward to Outward Current Density
Most action potential properties, such as threshold, amplitude, duration, and repetitive firing characteristics, are determined by the relative densities of inward (Na + and Ca 2+ ) and outward (K + ) currents located within the membrane. This important ratio changes quite profoundly with distance from the soma along the dendrites of CA1 pyramidal neurons. Because the Na + and Ca 2+ channel densities are maintained fairly constant throughout the neuron, whereas the transient outward component increases more than fivefold, there is a large shift from an inward-dominated current ratio in the proximal regions of the neuron to a predominantly outward-dominated current in the more distal regions (see Figure 1a , b). As is discussed in detail below, this gradient of channel densities determines that under normal conditions the proximal regions of the neuron are more excitable than the more distal regions, even though the potential for full excitability (the large inward current density) is present in the distal dendrites.
DENDRITIC EXCITABILITY
The properties and distribution of voltage-gated ion channels in the axon, soma, and dendrites largely determine the initation and propagation of electrical signals (action and synaptic potentials) in neurons. From the preceding brief review it is clear that dendrites are not passive, but instead possess a complex set of voltage-gated conductances. The functional significance of these dendritic conductances for electrical and Ca 2+ signaling is discussed more fully in the following sections.
Action Potential Initation and Propagation
There has been much debate in the literature about the site of initiation of the action potential in pyramidal neurons (see 66) . Recent data suggest that under most conditions the action potential does not initiate in either the dendrites or the axon hillock/initial segment but instead farther out on the axon, perhaps at Figure 1 The ratio of total voltage-activated inward current to outward current changes considerably across the dendritic axis. (A) Cell-attached patch recordings of composite currents (no channel blockers in patch pipette) that were evoked by a 80 mV voltage step from a holding potential that was near the resting potential (≈−70 mV). In the trace recorded from the proximal dendrite (left trace), the predominant current is the inward, voltage-gated Na + current, with a smaller outward K + current. In the trace on the right (distal dendrite), the predominant current is the outward, voltagegated K + current, with a smaller inward Na + current. (B) The ratio of inward to outward current decreases with distance because the A-type K + channel density increases approximately fivefold, whereas the Na + -channel density remains constant. (C) Composite currents from another patch on a different neuron, located ≈170 µm from the soma. Here the amplitude of the inward Na + current decreases with repetitive stimulation, whereas the amplitude of the outward K + current is unchanged. The voltage protocol was a train of nine, 5 ms, 70 mV voltage steps from the resting potential. This demonstrates that Na + channels undergo an inactivation process during repetitive stimulation that is not observed in K + channels. This channel inactivation is more pronounced in dendritic Na + channels than in those found in the soma and has been hypothesized to underlie the activity-dependent propagation of action potentials observed in CA1 dendrites (14). the first node of Ranvier (13). For reasons that are not understood, this site has a lower threshold than anywhere else in the neuron. The lower threshold may be due to a high density of Na + channels, a lower voltage range of activation of the Na + channels, a low density of outward K + channels, or some combination thereof. There are some situations, however, when the action potential does appear to initiate first in the dendrites. These include instances of strong synaptic input to the dendrites or when the threshold at the usual initation site is higher than normal (e.g. from inhibitory input to the axon/soma region or from a somatic leak caused by a microelectrode) (2, 60, 61, 70) . It is also possible for the threshold in the dendrites to be lowered by inactivating or blocking dendritic K + channels (22) , and this would result in a more favorable situation for dendritic spike initiation.
Once initiated at the normally low-threshold site in the axon, the action potential propagates both along the axon toward the terminals and into the soma and dendrites. The latter is called back-propagation and has been shown to occur both in vitro and in vivo (8, 61, 67) . The extent of back-propagation, however, is very temperature sensitive and dependent on the age of the animal. It has been known for some time that the back-propagating action potential in the dendrites becomes progressively smaller in amplitude the farther it travels from the soma, and the action potential may actually fail to propagate beyond certain distal branch points (3, 40, 61, 70) . The first hypothesis put forth to explain this behavior was that there is a declining density of Na + channels in the dendrites. Several groups, however, found no evidence for this and instead the data support a fairly uniform density of Na + channels in the soma and dendrites (38, 62) . The explanation for the declining amplitude of the dendritic action potential appears to be due to the increasing density of the A-type K + channels. These channels activate very rapidly and prevent the action potential from reaching full amplitude. For example, in the presence of 4-AP, which blocks these K + channels, the amplitude of the action potential is fairly constant from the soma to at least 300 µm into the dendrites. Thus the elevated A-channel density not only acts to severely reduce the excitability of the dendrites by raising threshold, but it also limits the dendritic propagation of action potentials. Without this elevated channel density, action potentials can be generated locally in the dendrites, and they are capable of invading even the most distal dendritic elements at nearly full amplitude (22) .
The action potential firing that occurs during K + channel blockade is quite extreme. Typically, the application of mM concentrations of 4-AP causes single action potentials to be transformed into bursts of two to three spikes or plateau potentials that lead to a nearly constant depolarization in the dendrites and continuous repetitive firing in the soma (22) . This type of firing behavior results in very large elevations in intracellular [Ca 2+ ] i from influx through voltage-gated Ca 2+ channels. The elevated density of dendritic A-channels thus allows single action potentials (at reduced amplitude) to be propagated into the dendrites but prevents bursting or continuous repetitive firing.
Frequency-Dependent Action Potential Propagation
During repetitive (10-50 Hz) firing, dendritic action potentials display a marked and prolonged voltage-and frequency-dependent decrease in amplitude that is not apparent in the soma (9, 61). The amplitude drop-off in the dendrites is such that by the tenth action potential in a train, the amplitude is reduced by over 60% compared with less than 5% in the soma. The available data suggest that regional differences in Na + and K + channels can account for this activitydependent decline in dendritic action potentials.
The increased inactivation with slow recovery observed for dendritic Na + channels (compared with soma) plays a primary role in this electrical behavior ( Figure 1c ) (14, 25a). Because the inward current density decreases substantially during repetitive stimulation and takes seconds to fully recover, the ability of the dendrites to maintain action potential amplitude during repetitive activity is severely limited. The hypothesis that Na + channel inactivation is responsible for the decrease in amplitude was tested by giving large membrane hyperpolarizations between action potentials (a manipulation that hastens recovery from inactivation). The frequency-dependent decline in amplitude of the action potentials was largely removed by these hyperpolarizations, supporting an important role for this form of channel inactivation. Also playing a secondary but nevertheless critical role in this phenomenon is the heightened A-channel density in the dendrites. Because of the decreased Na + /K + permeability ratio of the distal dendrites, any decrease in Na + current becomes directly manifest in action potential amplitude. In support of this idea, the amount of amplitude decline observed in the different compartments can be manipulated by pharmacologically changing the Na + /K + permeability ratio. Blockade of K + channels by 4-AP reduces the amplitude drop-off (particularly in the distal dendrites), whereas decreasing Na + channel density by tetrodotoxin (TTX) application increases the severity of the amplitude decrease (particularly in the proximal regions) (14). Therefore, the relatively high density of A-type K + channels and the relatively high degree of slow recovery from inactivation of Na + channels in the dendrites determine that back-propagation of action potentials into the dendritic arborization will be severely reduced during repetitive firing.
Modulation of Dendritic Action Potential Amplitude
As mentioned above, back-propagating action potentials decline in amplitude with distance from the soma and can fail to propagate beyond certain distal branch points during repetitive firing. It has been observed that pairing of axonally initiated action potentials with subthreshold depolarizations (either dendritic current injection or evoked EPSPs) increases dendritic action potential amplitude and the associated Ca 2+ influx (40) . In fact, the increase in [Ca 2+ ] i during paired EPSPs and action potentials is significantly larger than the simple sum of the two independent Ca 2+ signals. The degree of the pairinginduced increase in action potential amplitude and Ca 2+ influx also increases progressively with distance from the cell body. No observable changes in action potential amplitude occur in the soma and proximal dendritic regions, whereas large, supra-linear increases are recorded from more distal regions. This signal amplification is particularly prominent in areas where it appears that backpropagating action potentials have become non-regenerative (Figure 2 ). Here dendritic action potential amplitude has attenuated to such a degree that it is nearly too small to gate dendritic Na + and Ca 2+ channels. In these regions, pairing EPSPs with action potentials increases action potential amplitudes by approximately twofold, whereas the associated rise in [Ca 2+ ] i is increased threeto fourfold. The propagation of action potentials into the dendritic arbor can, therefore, be modulated by simultaneous synaptic input, with the largest action potentials occurring in the regions of the dendrites that are closest to the active synapses.
We can look again to the types and distribution of dendritic ion channels for a mechanistic explanation of this phenomenon. Because the transient, A-type K + channel density increases with distance out into the dendrites, instead of the Na + channel density decreasing, the inward current required for the generation of large amplitude action potentials is always available even though it is normally counterbalanced by the high outward current density. What is required for the generation of large amplitude dendritic action potentials is a reduction in the dendritic K + current. Because A-type K + channels exhibit rapid inactivation at potentials near the resting potential, moderate depolarization provided by synaptic activity can rapidly reduce the available population of A-channels through inactivation. In this scheme, synaptic activity can function to release causes an increase in dendritic action potential amplitude and associated Ca 2+ influx. The largest Ca 2+ influx is located nearest the dendritic pipette suggesting that the largest increase in action potential is likewise near the point of current injection. A trace with only the current injection was used to correct for bleaching and for any small influx of Ca 2+ (<1% F/F) caused by the current injection. (Ba) Another fura-filled CA1 pyramidal dendrite with patch electrode located ≈50 µm farther out the labeled (arrow) branch, for a total of ≈280 µm from the soma. Major branch point is ≈150 µm away from the soma. (Bb) Optical recordings (average F/F) from regions of the neuron delimited by the numbered boxes in (Ba), with dendritic voltage trace shown below. A train of three antidromically stimulated action potentials (bottom line Bb) induces an influx of Ca 2+ that is primarily located in the regions of the dendrite proximal to the branchpoint. (Bc) A simultaneous 0.2 nA current injection causes an increase in the amplitude of the first dendritic action potential and associated Ca 2+ influx. The largest Ca 2+ influx is located in the dendritic branch that has received the current injection, whereas very little influx occurs in the other branch. This profile suggests that coincident synaptic input can influence back-propagating action potentials to preferentially invade synaptically active regions of the dendrite. The current injection by itself did not induce any influx of Ca 2+ into the displayed regions. local regions of the dendrite from the dampening effect of the high A-channel density. This permits action potentials occurring during EPSPs to increase in amplitude in a spatially restricted region of the neuron. The distribution of dendritic channels thus limits the overall excitability of the dendrites while at the same time allowing restricted regions that are synaptically active to propagate large-amplitude action potentials (22) .
Integration and Propagation of Synaptic Potentials
Synaptic activity within the dendrites opens voltage-gated Na + , K + , and Ca 2+ channels that are located near the site of input (22, 37, 39) . The final outcome of this combined channel activation can be an EPSP that is either magnified or reduced in both amplitude and duration (depending on whether the inward or outward currents prevail) compared with that occurring under completely passive conditions. As a result of this channel activation, the efficacy of any given EPSP is not simply the result of transmitter release or receptor properties, but also of the active properties of the dendrites. For single EPSPs in adult animals, the activation of transient K + channels appears to predominate over the activation of inward Na + and Ca 2+ channels (22, but see also 17, 33, 53) . This results in a reduction in the amplitude of EPSPs in the soma compared with purely passive propagation. The relative amount of attenuation from dendrites to soma is approximately the same, however. For example, in CA1 pyramidal neurons, EPSP amplitude is decreased between 50 and 75% upon reaching the soma from a dendritic branch about 250 µm away, and this value is maintained regardless of the channel availability (22) . This suggests that channel activation is restricted to a local region of the dendrite that is near the synaptic input. As a result, channel activation increases or decreases the EPSP amplitude, depending on channel availability, but once the input has left this local area, it then spreads basically as in a passive cable. Obviously, any channel clustering near areas of synaptic input would be most effective in shaping EPSPs. Such clustering has been seen for Kv4.2 channels in magnocellular neurons of the supraoptic nucleus and also in hippocampal neurons (1).
For spatial and temporal summation of EPSPs, however, the situation is somewhat different. Here the kinetics of activation and inactivation of the voltage-gated channels, the location of the spatially summed inputs, and the temporal relationship among the inputs become critical parameters, and these issues have not yet been fully explored. Based on initial modeling studies, however, we can make some predictions. One hypothesis is that because the rapidly inactivating A-type K + channel dominates in the distal regions of the neuron, input that arrives a few milliseconds following other input would encounter a reduced population of activatable A-channels and therefore be less severely attenuated in amplitude and more likely to activate inward Na + and Ca 2+ channels and NMDA receptors. In this scheme, previously occurring synaptic input would inactivate K + channels, releasing later occurring input from the attenuating effect of the high dendritic A-channel density. The same situation would apply for spatially distributed input as long as the distribution imposed a temporal offset. In this way, the types and distribution of dendritic channels would favor the propagation of more temporally and spatially distributed input over input that is highly synchronized. This hypothesis suggests that there could be supra-linear summation of slightly asynchronous or temporally summated events-a sort of non-coincidence detection-because of less K + current and greater inward current. However, this type of interaction would depend on the relative proximity of the inputs to each other, the rate of inactivation of the K + channels, and the voltage range of activation of the inward currents. With the great diversity of voltage-gated K + channels (23, 51) , one can easily imagine how different cell types would have different tuning properties for synaptic interactions, depending on the type of K + channel expressed in their dendrites.
FUNCTIONAL ASPECTS OF CHANNEL DISTRIBUTIONS
The above discussion illustrates how the types and distribution of dendritic voltage-gated channels determine the manner in which electrical signals such as EPSPs and action potentials spread throughout the soma and dendrites. Below we discuss how the propagation of these signals may play a role in synaptic plasticity and learning and memory.
Associative Synaptic Plasticity
Back-propagating action potentials play a critical role in the induction of LTP and LTD in CA1 neurons by allowing the output region of the neuron (axon) to communicate with the dendrites (12, 40, 42) . It has been reported by several groups that the probability of LTP induction is reduced when action potential generation and/or propagation is inhibited (40, 52) . Presumably, the action potential provides the synaptically active region of the neuron with the depolarization required for the gating of NMDA receptors and voltage-gated Ca , in turn, activates the various Ca 2+ -dependent signaling pathways that are thought to be involved in LTP induction and maintenance (29, 34) . The back-propagating action potentials thus provide the synaptic input region of a pyramidal neuron with a feedback signal that an output has occurred. Such a feedback signal is ideally suited for Hebbian modifications of synaptic strength.
Dendritic Na
+ and Ca 2+ channels provide the means for action potentials to back-propagate into the dendrites and raise local intracellular [Ca 2+ ] i . If left unchecked, however, the inward currents would lead to excessive membrane depolarization and unrestricted Ca 2+ influx, both of which would be detrimental to neuron viability and function. The biophysical characteristics of the dendritic, A-type K + channels are ideally suited for both depressing this undesirable behavior while at the same time allowing locally large depolarizations and Ca 2+ influx to occur at the appropriate place and time. The inactivation of A-channels by EPSPs and the subsequent amplification of the action potential and evoked Ca 2+ influx provides a plausible biophysical explanation for the Hebbian associativity that is observed in the more distal dendritic regions of these neurons (40) . In fact, the elevated density of dendritic A-channels actually heightens the associativity provided by the back-propagating action potentials. Because A-current density is reduced by local synaptic depolarization, full amplitude action potentials capable of evoking significant Ca 2+ influx into the more distal dendrites only occur in synaptically active regions of the dendritic arbor (Figure 2A ). Thus dendritic A-channels provide a dampening effect on dendritic excitability, which in turn strengthens the available associative link between the input and output regions of the neuron.
Local Dendritic Computations Mediated by Transient K + Channels
Following the above discussion on the role of back-propagating action potentials for synaptic plasticity, we speculate a bit here on how the local inactivation of the dendritic K + channels by synaptic input could provide spatially restricted induction rules for LTP and LTD. Back-propagating action potentials are large in proximal dendrites and small to nonexistent in distal regions of the neuron. EPSPs on proximal dendrites, therefore, have little effect on the amplitude of action potentials paired with the EPSPs. The associativity and timing relationship between EPSPs and action potentials may thus be different for proximal versus distal inputs. For example, the pairing of distal EPSPs and back-propagating action potentials has a tremendous effect on the local amplitude of the action potentials (40) . In fact, failure of action potentials to propagate into certain branches can be overcome when the action potential is paired with EPSPs on that particular branch (the opposite would be true for IPSPs; 68). For this to occur, we predict that the timing relationship between the EPSP and action potential is critical, i.e. the action potential must arrive at the branch point at the appropriate time following the EPSP when significant inactivation of the K + channels is present. We further speculate that such interactions could provide an additional source for synapse specificity, because only the synapses on the active branch would experience the increased action potential amplitude and Ca 2+ influx ( Figure 2B ). This might be a substrate for both Hebbian and anti-Hebbian interactions leading to LTP (for the active) and LTD (for inactive) synapses on the branch invaded by the action potential.
Our modeling results support these speculations (22) , but whether they are important under physiological conditions remains to be determined. Although synapse specificity and the timing of associative interactions among synaptic inputs are determined largely by the unique properties of NMDA receptors, we speculate that the high density of transient K + channels in dendrites provides an additional mechanism. Synapse specificity for the induction of both LTP and LTD and for the forward-reverse pairing requirements of associative plasticity and classical conditioning (see, for example, 18, 28, 32, 42) could be established, in part, by the active properties of dendrites. Furthermore, we predict that there will be differences in these plasticity rules for synapses at different locations in the dendrites (e.g. proximal versus distal), leading to a further computational complexity for the neuron.
The Importance of Bursts
Reduction of dendritic, A-type K + currents in CA1 pyramidal neurons results in a switch from a firing mode of single action potentials to a burst firing mode in which two to three action potentials are initiated over a 10-20 ms interval (22) . The reduction in dendritic outward current produces larger and longer duration action potentials and even the initiation of dendritic Ca 2+ spikes. There are many reports of CA1 neurons firing bursts, complex spikes, or sharp waves in vivo and in vitro (26, 46, 48, 49, 75) , with about 20% of the total number of action potentials recorded in vivo being bursts under certain conditions (43) . Sharp waves have even been suggested to be critical for learning (7).
This change in firing mode is representative of a dramatic change in the way in which signals are processed by neurons. If a certain input causes a neuron to fire a burst of multiple action potentials instead of a single action potential, the associated Ca 2+ influx into all regions of the neuron, including both the dendritic arbor and the synaptic terminal, would be greatly enhanced (22) . As a result, there would be an increase in both the probability of induction of some form of long-term synaptic plasticity, as well as the probability of transmitter release (40, 63) . In fact, an incoming burst of synaptic input could also be enhanced in amplitude relative to a synchronous input, by way of the previously described supra-linear summation taking place post-synaptically. Furthermore, such an enhanced input will be more likely to produce a burst of action potentials in the post-synaptic neuron because of the local inactivation of the transient K + channels. Thus an incoming signal can be transformed from one with a relatively low probability of being transmitted to a signal whose impact on the post-synaptic cell is greatly enhanced over an extended period of time. Because of these aspects of bursting, some investigators have suggested that action potential bursts are more important units of information than single action potentials (reviewed in 35). For example, the well-known place-fields of a CA1 pyramidal neuron are more precisely defined if only the burst of action potentials is considered instead of the overall firing rate (47) . By altering the action potential firing mode of neurons, dendritic voltage-gated channels may thus be able to regulate components of learning and memory (10).
SUMMARY
In this review we have briefly summarized the rapidly changing field surrounding the active properties of dendrites. First, there are numerous voltage-gated Na + , Ca 2+ , and K + channels in dendrites. Second, there are, in some cases, different subtypes of these channels in dendrites than in the soma. Third, many of the channels in the dendrites have properties different from their counterparts in the soma. Not surprisingly, the presence of these channels in dendrites has a tremendous influence on the spread of synaptic potentials to the soma and other parts of the neuron and on the initiation and propagation of action potentials.
The role of dendritic active properties for the spread of synaptic signals is poorly explored. In principle, inward currents in dendrites could enhance the magnitude of distal synaptic events. This would reduce the spatial variability of EPSP amplitude and could lead to an increase in the information storage capability of a neuronal network (15) . On the other hand, the high density of K + channels in the dendrites will reduce this amplification for synchronous inputs but less so for temporally dispersed inputs. The amount of amplification of distal EPSPs will thus depend on the properties of the K + channels, the timing and spatial relationships among the inputs, and the properties of the Na + and Ca 2+ channels in the dendrites. The voltage-gated Ca 2+ channels in dendrites are activated by subthreshold EPSPs and by the back-propagating action potentials. EPSPs produce a local rise in [Ca 2+ ] i near the site of input, whereas the action potential elicits a more general increase throughout at least the proximal portion of the dendrites. Changes in [Ca 2+ ] i thus provide a spatially inhomogeneous signal to mark the location of the input, as well as to characterize the output firing of the neuron (21, 24) . The extent of the back-propagation of action potentials into the dendrites is also dependent on the transient K + channels and the slow recovery from inactivation of the Na + channels. Dendritic K + channels provide a mechanism for modulating the amplitude of dendritic action potentials. Inactivation of the channels allows for an increase in the amplitude of dendritic action potentials, and this may play a role in the induction of Hebbian and anti-Hebbian plasticity of inputs that are located at the more distal regions of the dendrites.
Our view of electrical and Ca 2+ signaling in dendrites has changed dramatically in the past few years. Roles for various events such as back-propagating action potentials are becoming more clear and lend themselves to testable hypotheses about neural function. This new information must now be considered when trying to understand the ways in which information is processed and stored by single cortical neurons. These neurons are not simple relays for passing electrical signals from one area of the brain to another, but are instead complex processing units of neural events. 
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